AbstrAct.-Marine habitats are in decline worldwide, precipitating a strong interest in marine conservation. The use of biogeographic data to designate ecoregions has had significant impacts on terrestrial conservation efforts. However, classification of marine environments into ecoregions has only become available in the last several years, based on biogeographic data supplemented by geomorphology, ocean currents, and water temperatures. Here we use a comparative phylogeographic approach to test for concordant phylogeographic patterns in three closely related species of Tridacna giant clams across the coral triangle, the most biodiverse marine region in the world and one of the most threatened. Data from a 450 base pair fragment of mitochondrial cytochrome-c oxidase subunit one DNA from 1739 giant clams across Indonesia and the Philippines show strong concordance between phylogeographic patterns in three species of giant clams as well as evidence for potentially undescribed species within the genus. Phylogeographic patterns correspond broadly to marine ecoregions proposed by spalding et al. (2007), indicating that processes contributing to biogeographic boundaries likely also limit genetic connectivity across this region. These data can assist with designing more effective networks of marine protected areas by ensuring that unique biogeographic and phylogeographic regions are represented in regional conservation planning.
AbstrAct.-Marine habitats are in decline worldwide, precipitating a strong interest in marine conservation. The use of biogeographic data to designate ecoregions has had significant impacts on terrestrial conservation efforts. However, classification of marine environments into ecoregions has only become available in the last several years, based on biogeographic data supplemented by geomorphology, ocean currents, and water temperatures. Here we use a comparative phylogeographic approach to test for concordant phylogeographic patterns in three closely related species of Tridacna giant clams across the coral triangle, the most biodiverse marine region in the world and one of the most threatened. Data from a 450 base pair fragment of mitochondrial cytochrome-c oxidase subunit one DNA from 1739 giant clams across Indonesia and the Philippines show strong concordance between phylogeographic patterns in three species of giant clams as well as evidence for potentially undescribed species within the genus. Phylogeographic patterns correspond broadly to marine ecoregions proposed by spalding et al. (2007) , indicating that processes contributing to biogeographic boundaries likely also limit genetic connectivity across this region. These data can assist with designing more effective networks of marine protected areas by ensuring that unique biogeographic and phylogeographic regions are represented in regional conservation planning.
Driven by a wide range of stressors, including over-harvesting (Jackson et al. 2001 , Pandolfi et al. 2003 , destructive fishing practices (McManus 1997) , pollution (Williams et al. 2002 , Mcculloch et al. 2003 , disease (Harvell et al. 2002) , and climate change (Wilkinson 2002 , Gardner et al. 2003 , among others, many marine habitats are in steep decline worldwide. While these declines have precipitated a strong interest in conservation, marine environments are vast and relatively difficult for humans to observe, creating a unique challenge in comparison to terrestrial conservation efforts. In addition, the majority of marine species have a bipartite life history where adults are completely or largely sedentary, but dispersal and population connectivity are achieved through small dispersive larvae. These features of marine ecosystems make defining the appropriate scale of marine management units, and developing effective networks of marine reserves, particularly challenging (sale et al. 2005) .
to address large-scale challenges in the terrestrial realm, conservation practitioners have turned to "ecoregions," areas of relatively homogenous species composition, clearly distinct from adjacent regions (sensu spalding et al. 2007 ). based largely on biogeographic and environmental data, this ecoregion approach has had significant impacts on terrestrial conservation efforts (chape et al. 2003 , Hazen and Anthamatten 2004 , Hoekstra et al. 2005 , burgess et al. 2006 , Lamoreux et al. 2006 . building on these successes, a hierarchical classification of marine ecoregions has been proposed to help facilitate marine conservation planning (spalding et al. 2007 ). This classification system is largely based on biogeographic data (e.g., species range discontinuities, distribution of habitats types) augmented with information on geomorphology, ocean currents, and ocean temperature. Noticeably absent in the designation of ecoregions, however, is information on phylogeography (the geographic distribution of genetic diversity) or gene flow, information that can provide valuable insights for conservation prioritization (berger et al. 2014) .
While genetic data are very powerful tools for highlighting boundaries in marine environments (Avise 1994 , Palumbi 1996 , Hedgecock et al. 2007 , such data were neglected in defining the marine ecoregions of spalding et al. (2007) . However, biogeographic and phylogeographic studies are very similar in scope. both focus on understanding the geographical distribution of diversity and the processes responsible for these patterns. The primary difference is that biogeography focuses on the distribution of species and communities, while phylogeographic studies are typically concerned with the distribution of intraspecific genetic diversity (Avise 2000) . Early work in phylogeography (Avise 1992 (Avise , 1994 considered that genetic boundaries in widespread species might coincide with biogeographic boundaries, as the same physical processes that limit species distributions may act as filters to gene flow, creating regional genetic structure. However, few studies have followed up on testing this idea (but see burton 1998, Lee and Johnson 2009 , Kelly and Palumbi 2010 , toonen et al. 2011 .
The coral triangle, a region comprised of Indonesia, Malaysia, the Philippines, East timor, Papua New Guinea, and the solomon Islands, supports the highest marine biodiversity in the world (roberts et al. 2002 (roberts et al. , carpenter and springer 2005 (roberts et al. , bellwood and Meyer 2008 ; it is also one of the most threatened (burke et al. 2002, 2011) . This combination of diversity and threats to diversity have made the coral triangle an area of intense conservation planning efforts by local governments and international non-profit organizations. consequently, defining the scale of conservation units for marine species in the area has become a topic of active research, largely through biogeographic methods Mous 2004, but see berger et al. 2014) . However, there is a large amount of genetic data that can also be brought to bear.
Understanding the evolutionary processes responsible for the coral triangle biodiversity hotspot has been a subject of intense interest for decades (see bellwood and Meyer 2008 bellwood and Meyer , barber 2009 bellwood and Meyer , barber et al. 2011 bellwood and Meyer , carpenter et al. 2011 , precipitating a plethora of phylogeographic studies (McMillan and Palumbi 1995 , Lavery et al. 1996 , benzie 1999 , barber et al. 2000 , 2006 , crandall et al. 2008 , Deboer et al. 2008 , Kochzius and Nuryanto 2008 , Ackiss et al. 2013 , Deboer et al. 2014 , Jackson et al. 2014 . While studies indicate a role of Pleistocene vicariance (e.g., Lavery et al. 1996 , Duda and Palumbi 1999 , benzie et al. 2002 , Vogler et al. 2008 ), physical oceanography (e.g., barber et al. 2006 , and habitat type (Lourie and Vincent 2004a, Williams and reid 2004 , Lourie et al. 2005 , reid et al. 2006 in shaping biodiversity in the coral triangle, general patterns have yet to be elucidated (barber 2009). The few comparative phylogeographic studies conducted in this region have often found discordant patterns of genetic structure between species, which are generally ascribed to differences in larval dispersal potential or adult ecology (Lourie et al. 2005 (Lourie et al. , reid et al. 2006 (Lourie et al. , crandall et al. 2008 (Lourie et al. , but see barber et al. 2006 . The growing number of genetic studies in this area on a wide variety of taxa could be extremely valuable for defining conservation (berger et al. 2014 ). However, variation in sampling strategies and objectives of these studies make it difficult to elucidate generalities from these studies.
seven of the eight species of giant clams have been assessed under IUcN red List criteria in categories ranging from Least concern to Vulnerable to Extinction (Mollusk specialist Group 1996a). Five of the Tridacna species occur in sympatry in the coral triangle (Lucas 1988) . based on molecular and morphological phylogenetic analyses (Maruyama et al. 1998, schneider and Foighil 1999) , the three smallest species form a closely-related group with Tridacna crocea Lamarck, 1819 and Tridacna squamosa Lamarck, 1819 as sister species and Tridacna maxima (röding, 1798) sister to that clade. These species are ecologically very similar. All species inhabit coral reefs and occur at relatively shallow depths (Lucas 1988), although T. crocea and T. maxima are typically found at more shallow depths than T. squamosa (0-3 vs 2-10 m; Lucas 1988). All three have similar larval durations of 12 (T. squamosa), 14 (T. maxima), and 11 (T. crocea) days from fertilization to settlement (Lucas 1988) , and all three species establish symbiosis with photosynthetic algae (zooxanthellae) from environmental pools shortly after metamorphosis (Fitt and trench 1981) .
Previous phylogeographic studies on T. crocea (Deboer et al. 2008 , Kochzius and Nuryanto 2008 , Deboer et al. 2014 and T. maxima (Nuryanto and Kochzius 2009) have revealed strong patterns of phylogeographic structure, indicating limited dispersal among regions of the coral triangle, particularly among western, central, and eastern Indonesian populations. However, lack of concordant sampling precludes the use of new powerful tools for comparative spatial analyses (Manni et al. 2004) , limiting our ability to test for concordant patterns of regional isolation.
In the present study, we focus on two objectives. First, we assess phylogeographic patterns in mtDNA cOI for three sympatric, ecologically similar sister species to determine if putative barriers to dispersal are congruent across species. concordant phylogeographic patterns across multiple sympatric sister-species would strongly suggest the action of broadly acting physical processes (schneider et al. 1998 , Walker and Avise 1998 , Argoblast and Kenagy 2001 . second, we compare the location of phylogeographic barriers to dispersal with the boundaries of the marine ecoregions defined by spalding et al. (2007) . concordance between phylogeographic and biogeographic patterns could indicate that similar and/or complementary processes (e.g., currents impact larval dispersal, but temperature variation associated with currents shapes adult distributions) act to shape both genetic connectivity and community level patterns of biodiversity, further highlighting the utility of genetics in the utility of genetics in facilitating marine conservation planning.
Methods sampling and sequencing.-We collected a small piece of mantle tissue from T. crocea (n = 796, 39 localities), T. maxima (n = 530, 34 localities), and T. squamosa (n = 413, 32 localities) populations across Indonesia and the Philippines and preserved them in 95% ethanol (Fig. 1 ). clams were identified to species in the field based on the morphology of shells and the incurrent and excurrent siphons. However, because small individuals can sometimes be difficult to distinguish in the field, we also sequenced 16s and beta-tubulin genes for a subset of individuals and assigned final species identity based on molecular phylogeny, rather than field identifications (see results).
We extracted whole genomic DNA using 10% chelex (biorad) solution (Walsh et al. 1991) , then amplified an approximately 450-bp fragment of the mitochondrial cytochrome oxidase subunit-I gene (cOI) following previously published protocols (Deboer et al. 2008 ). For T. crocea, amplifications used primers Tridacna 1F and Tridacna 3r (Deboer et al. 2008 ). For T. maxima, we used Maxima F3 (5΄-Gtt tAG rGt rAt AAt YcG AAc AG-3΄) and universal primer HcO-2198 (Folmer et al. 1994) . For T. squamosa we used sQUA-F3 (5΄-cAt cGt ttA GAG tAA tAA ttc G-3΄) and sQUA-r1 (5΄-AtG tAt AAA cAA AAc AGG Atc-3΄). We sequenced forward and reverse directions of double-stranded Pcr products with big Dye 3.1 (Applied biosystems, Inc.) terminator chemistry on an AbI 377 or AbI 3730 sequencer. chromatograms were assembled, proofread, and aligned using sequencher (Gene codes corp.), and amino acid translation was confirmed using Macclade 4.05 (Maddison and Maddison 2002) .
Phylogeographic structure.-We investigated the relationship between haplotypes and their geographic distributions through several methods. First, we constructed minimum spanning trees based on pairwise differences in Arlequin 3.1 (Excoffier et al. 1992 ) to examine phylogenetic structure. Then, to investigate geographical partitioning of this structure in the three giant clam species, we summarized the frequencies of haplotype clusters and plotted these onto a map of the study region.
regional genetic structure was examined using analysis of molecular variance (AMOVA) as implemented in Arlequin with significance tested using 10,000 randomized replicates. AMOVA was run initially with no a priori assumptions. Then, populations were grouped into regions to maximize the percent of variation explained by regions using several strategies. First, populations were grouped following the phylogeographic structure based on the distribution of divergent clades within each species. second, we grouped populations based on marine ecoregion Table 1 . Red lines indicate putative barriers to dispersal identified based on maximizing F CT in AMOVA analyses for each species (Table 2) . Intraspecific clades were defined based on arranging haplotypes into minimum spanning trees in (D) T. crocea, (E) T. maxima, and (F) T. squamosa. All haplotypes are separated by one mutational step unless denoted by a higher number of hash marks. For T. squamosa (F), gray haplotypes are marked according to area of collection as follows: southern Indonesia (***), Philippines (**), Fiji and Solomon Islands (*), and eastern Indonesia (^). In (D-F), labeled circles indicate sample sizes.
that have some cohesion over evolutionary time; spalding et al. (2007) breaks the coral triangle into the eastern and western coral triangle provinces. Finally, ecoregions are the smallest units in the classification system and are nested within provinces. There are eight ecoregions in the western coral triangle province and four in the eastern province; the province and ecoregion of each sampling locality is given in table 1.
to detect potential barriers to dispersal without the a priori assumptions required by AMOVA, we used barrier v2.2 (Manni et al. 2004 ) to identify common barriers among populations of all three species in the study area. barrier v2.2 (Manni et al. 2004 ) is an analytical approach based on computational geometry that identifies population edges associated with the highest rate of change in a given distance measure. Pairwise estimates of F st (K2P) were mapped onto a matrix of sampling locality geographic coordinates (latitude and longitude in decimal degrees), their spatial organization was modeled by Voronoi tessellation (Voronoi 1908 ) and a Monmonier (Monmonier 1973 ) maximum-difference algorithm identified borders between neighboring sites that exhibited the highest levels of genetic differences and ranked them accordingly (Manni et al. 2004) . Genetic barriers designate sites with greater F st values than would be expected from their geographical proximity. The analyses require common sampling localities for each species, so we used only data from the 23 sites for which we had data from all three species (table 1) . Distance matrices for all three species were input into the program and support for each barrier was determined by counting the number of species for which each boundary was included.
Demographic Analyses.-to compare demographic histories of mtDNA associated with each species, we calculated Fu's F s (Fu 1997 ) using Arlequin to test each site for departures from the neutral model due to positive selection, background selection, or population growth. In Fu's F s test, h is estimated as the observed number of pairwise differences between the sampled haplotypes, and the F s statistic is defined as the log of the probability to observe k or more haplotypes conditional on the sampled haplotypes (schneider et al. 2000) . F s tends to be negative if there is a significant excess of rare haplotypes, and a significant negative departure of F s from 0 is often taken as evidence of recent demographic expansions or population bottlenecks in situations where no selective advantage among haplotypes exists (Fu 1997) . significance of F s values was estimated with the simulated distribution of random samples (1000 steps) using a coalescence algorithm assuming neutrality and population equilibrium (Hudson 1990) . For the F s test, P = 0.02 is considered to be significant at the α = 0.05 level (Fu 1997 (Fu , schneider et al. 2000 .
Phylogenetics.-because DNA sequencing resulted in the recovery of two cryptic lineages within the three sampled Tridacna species, additional DNA sequence data were obtained for a subset of samples for 16s following the methods of Deboer et al. (2008) to compare with published sequences from Genbank for all known Tridacna species. to determine whether mtDNA clades were observed in the nuclear genome, we also sequenced beta-tubulin by modifying primers tUb 3.1 and tUb 4.1 (Duda and Palumbi 2004) . tubulin 41F (5΄-cct ttt GGA cAG Att ttc AGA cc-3΄) and tubulin 250r (5΄-tGt tcc cAt Acc AGA tcc AG-3΄) amplified approximately 200 bp of the beta-tubulin gene. bayesian phylogenetic analysis was conducted using Mr. bayes (Huelsenbeck and ronquist 2001) using model parameters determined by Modeltest (Posada and crandall 1998) . bayesian run parameters were Nst = 6 with gamma rate variation. The analysis was run for 5 × 10E6 generations with a sampling frequency of 1000. Posterior probability estimates of node support were summarized from the resulting 5000 trees with a burn-in of 1250 trees. Outgroups from Genbank were included for 16s analyses, but outgroup sequences were not available for beta-tubulin.
results
We obtained mtDNA cOI sequence data from 1325 individuals in three Tridacna species, yielding a total data set of 1739 individuals (table 1) when combined with the data from Deboer et al. (2008) . All sequences aligned without indels and translated without stop codons. sequence data from 796 T. crocea yielded 301 unique haplotypes (h = 0.9749, π = 0.0254; table 1) from 39 sampling localities throughout the study area (Fig. 1A-c) . For T. maxima, we sequenced 530 individuals and found 193 unique haplotypes (h = 0.9064, π = 0.0220) at 34 sampling localities. Data from 413 T. squamosa yielded only 80 haplotypes (h = 0.8235, π = 0.0047) from 32 sampling localities. New sequences for T. crocea (KF446283-KF446328) and T. maxima and T. squamosa (KF446329-KF446591) are available in Genbank.
Each species contained multiple divergent clades, based on mtDNA cOI. For T. crocea we identified three clades separated by eight mutational steps each (black, white, gray; Fig. 1D ). Maximum uncorrected sequence variation within these clades was 1.1% in the black and white clades, while variation among these clades ranged from a minimum of 3.7% between the black and white clades to a maximum of 7.1% between the white and gray clades. We also identified three divergent clades in T. maxima with two clades (gray and black) separated by eight mutational steps. A third clade (white) was diagnosed by the presence of a common haplotype found in 61 individuals; the white clade was separated from the black by three steps (Fig. 1E) . Maximum uncorrected sequence variation within these clades was 1.4% in the gray clade while variation among these clades ranged from a minimum of 2.1% between clades A and b to a maximum of 9.1% between the gray and white clades. Genetic diversity in T. squamosa grouped into two star-like clusters separated by only one step (Fig. 1F) . both central haplotypes (black) occur throughout the study area (data not shown). A second gray clade is separated from the black clade by three steps (Fig.  1F) . some gray clade haplotypes wewre highly divergent, separated by as many as five steps, but these were represented by a single color due to their low frequency. Maximum variation within these clusters was 2.5% and minimum variation between them was 0.2%. two cryptic divergent lineages did not form a monophyletic group with any of the three focal taxa (below). Maximum variation within these two lineages ranged from 0.9% to 3.0%, but minimum variation between these clades and other Tridacna species was 9.2%. As such, despite being field identified as one of the three focal taxa, these samples were excluded from further population analyses.
In all three species, clades were distributed in an east to west pattern across the study area. For T. crocea, the white clade was restricted to the Indian Ocean; the gray clade was restricted to eastern Indonesia (Fig. 1A) ; the largest clade, black, occurred throughout central Indonesia, confirming previous results (Deboer et al. 2008 ) and also extended into the Philippines (Fig. 1A) . For T. maxima the white clade occurred in Indian Ocean populations, but also infrequently in southern Indonesia and raja Ampat (Fig. 1b) . The gray clade was largely restricted to eastern Indonesia, but was also found in Krakatau and selayar. The largest clade, black, occurred throughout central and eastern Indonesia and north into the Philippines (Fig. 1b) . For T. squamosa, the gray clade haplotypes occurred in low frequency throughout the study area (Fig. 1c) . some geographic trends were apparent in the gray clade ( Fig. 1F) with closely related haplotypes clustering in southern Indonesia, the Philippines, Fiji and the solomon Islands (n = 5, data not used in analyses), and eastern Indonesia (see Fig.  1c legend) . spatial structure of Genetic Variation.-Using AMOVA to partition genetic variation into regions, we found evidence of strong genetic structure in all species (table 2) . Assuming no a priori structure in T. crocea, F st = 0.5625 (P < 0.0001). There was significant structure between Indian Ocean, central, and eastern regions in the study area (F ct = 0.4306, P < 0.001). The level of structure was maximized when populations in the bay of cenderawasih were split into a fourth group (F ct = 0.60145, P < 0.001). Grouping populations according to marine provinces (F ct = 0.36192, P < 0.001) and marine ecoregions (F ct = 0.2736, P < 0.001) also accounted for strong genetic structure.
Genetic structure in T. maxima was also strong, and similar to partitions described for T. crocea. Assuming no a priori structure, F st = 0.4890 (P < 0.0001). The level of genetic structure between groups was maximized with five groups: (1) Indian Ocean, (2) Pulau seribu and Java, (3) central, (4) eastern, and (5) bay of cenderawasih (F ct = 0.5521, P < 0.001; Fig. 1b ). Grouping populations of T. maxima according to marine provinces (F ct = 0.3104, P < 0.001) and marine ecoregions. (F ct = 0.3325, P < 0.001) also explained regional genetic structure.
We were unable to locate any T. squamosa in the Indian Ocean localities we visited. The distribution of clades in this species differs somewhat from the strong westcentral-east pattern seen in T. crocea and T. maxima (Fig. 1) . Assuming no a priori structure, F st = 0.1031 (P < 0.0001). Populations of T. squamosa showed evidence of reduced overall genetic structure, relative to its sister species (F st = 0.1031 vs F st = 0.5625 and F st = 0.2523 in T. crocea and T. maxima, respectively). However, genetic structure was partitioned in a geographic pattern consistent with the other two species with maximal between-group variation achieved when central, eastern, and bay of cenderawasih populations were grouped (F ct = 0.0826, P < 0.001). Organizing groups based on marine provinces (F ct = −0.0108, P > 0.05) or marine ecoregions (F ct = 0.0252, P = 0.065) does not result in significant structure between groups. barrier v2.2 identified 10 barriers among populations of all three species in the study area (Fig. 2) , although Indian Ocean populations had to be excluded from this analysis because we did not have data for T. squamosa from this area. The 10 strongly-supported barriers (3/3 species) are labeled with roman numerals in Figure  2 . Weaker barriers, supported by only one of the species, are represented by thin lines in the figure. strong barriers were identified isolating Krakatau from the rest of Pulau seribu (barrier I), between bali and Lombok (barrier II), between populations north and south of the Java sea (barriers III and IV), isolating the island of Halmahera (barrier V), isolating the bay of cenderawasih (barrier VI), between far western Philippine populations and those in northern sulawesi (barrier VII), between far western Philippine populations and the rest of the country (barrier X), and between northern and southern Philippine populations (barriers IX and VIII). strongly supported boundaries from barrier are largely consistent with marine ecoregion boundaries across the study area (Fig. 3A) . concordance between phylogenetic barriers identified by barrier and ecoregion boundaries is summarized in table 3. six of the 10 barriers align directly with specific ecoregion boundaries. An additional barrier (barrier I) was in close proximity to an ecoregion boundary. The final three barriers (barriers VI, IX, and X) were located within large ecoregions without internal divisions based on the biogeographic classification. While spalding et al. (2007) lump the geographically distinct regions of the bay of cenderawasih and raja Ampat into the "Papua" ecoregion, barrier VI shows that these regions are genetically isolated. similarly, while the majority of the Philippines were included in the "Eastern Philippines" ecoregion, barrier VIII separates northern and southern Philippine populations at a location consistent with the location of the bifurcation of the Northern Equatorial current. Lastly, barrier IX isolates a northern Philippine population, another genetic subdivision within the "Eastern Philippines" ecoregion.
Demographic Analyses.-As an additional test of whether these species have similar evolutionary histories that would support the finding of concordant phylogeographic patterns, we calculated Fu's F s to determine if there was any evidence of a shared demographic history. Fu's F s was significantly negative (P < 0.02), indicating population expansion, in less than half of localities for all species (table 1). Patterns seen in each species were unique. In T. crocea, the majority of populations in central Indonesia showed evidence of expansion. Populations in eastern Indonesia (including most of the bay of cenderawasih) and western Indonesia (including sumatra) do not show evidence of expansion. Populations in the Philippines were split, with approximately half showing evidence of expansion. In T. maxima populations, western and southern Indonesian localities showed evidence of expansion. In contrast, none of the eastern Indonesian populations showed evidence of expansion. As in T. crocea, Philippine populations of T. maxima gave mixed results for population expansion. In T. squamosa, many of the central and southern Indonesian populations showed evidence of expansion. However, the majority of Philippine populations did not.
Phylogenetic Analysis.-A total of 450 bp of cO1, 500 bp of 16s, and 390 bp of beta tubulin sequence data was analyzed from a subset of samples, representing 15 T. crocea, 16 T. maxima and 20 samples that were morphologically identified as T. squamosa in the field. bayesian analyses recovered well-resolved trees, showing three distinct clades for T. crocea, T. maxima, and T. squamosa. However, the cO1 and 16s data also recovered two independent lineages within samples identified as T. squamosa in the field, although the phylogenetic placement of these two distinct clades was not well defined (Fig. 3A,b) . Genetic variation was minimal in beta-tubulin and consequently the cryptic lineages were not recovered, nor were three distinct clades for the three focal taxa (Fig. 3c) .
Discussion
Genetic data from three species of giant clams (genus Tridacna) show strong patterns of phylogeographic structure across the coral triangle; each species consists of multiple highly divergent clades and this genetic variation is distributed nonrandomly across the study area from west to east. significant regional partitions common in all three species are (1) central Indonesia and the Philippines, (2) eastern Indonesia, and (3) cenderawasih bay, confirming previous work on T. crocea (Deboer et al. 2008 , Kochzius and Nuryanto 2008 , T. maxima (Nuryanto and Kochzius 2009) , and many other marine species from the coral triangle (reviewed in barber et al. 2011, carpenter et al. 2011 ). In addition, Indian Ocean populations form a distinct region in T. crocea and T. maxima, the two species for which we have data. concordant phylogeographic patterns across multiple codistributed species strongly suggests that the patterns arose from the action of a shared physical process (schneider et al. 1998 , Walker and Avise 1998 , Argoblast and Kenagy 2001 and these boundaries have strong similarities to the marine ecoregions proposed by spalding et al. (2007) indicating that processes shaping genetic structure may also be influencing biogeographic patterns.
Genetic structure of Tridacna species Across the coral triangle.-The strongest patterns of regional structure were seen in T. crocea (F ct = 0.6015, P < 0.001; table 2) and T. maxima (F ct = 0.5521, P < 0.001; table 2), both of which contain three highly divergent mtDNA cOI clades (Fig. 1D,E) and show strong regional divergence among populations in (1) western sumatra, (2) central Indonesia and the Philippines, (3) eastern Indonesia, and (4) cenderawasih bay. In contrast, T. squamosa only contains two minimally distinct haplogroups, rather than three. However, this is likely a sampling artifact. The third clade in T. crocea and T. maxima is restricted to western sumatra, but no T. squamosa could be found in these regions. Given that T. squamosa is known from the Indian Ocean (Lucas 1988) further sampling may uncover a third Indian Ocean clade. Although levels of structure were lower in T. squamosa, patterns were still very similar to T. crocea and T. maxima, with regional subdivisions in (1) central Indonesia and the Philippines, (2) eastern Indonesia, and (3) cenderawasih bay (F ct = 0.0826, P < 0.005; table 2).
Divergence between Indian and Pacific ocean populations likely results from allopatry during Pleistocene low sea level stands, as suggested for other species (e.g., Lavery et al. 1996 , Duda and Palumbi 1999 , barber et al. 2000 , benzie et al. 2002 , Vogler et al. 2008 ), including T. crocea (Deboer et al. 2008 . During this time, the sunda and sahul shelves were exposed, resulting in constricted water flow between the Pacific and Indian oceans (Voris 2000) . As sea levels rose, populations recolonized the shelves leaving genetic signals of population range expansion (crandall et al. 2011) . Not only do phylogeographic breaks in Tridacna demonstrate isolation across the sunda shelf, but results of Fu's F s neutrality tests provide evidence of range expansion in many populations, particularly in the western parts of Indonesia near the sunda shelf (table 1) . changes in population size could be explained by the reduction of habitat during sea level low stands and recolonization of new habitats after sea levels rose. This hypothesized impact of the Quaternary ice ages has been implicated in the genetic population structure of numerous coral triangle species (e.g., barber et al. 2000 , 2002 , Fauvelot et al. 2003 , Lourie and Vincent 2004a , crandall et al. 2008 . Given the concordant genetic patterns we found, this mechanism may be common to other tridacnid species in the area. However, future studies should be able to differentiate statistically between "single-event" and "multiple-event" biogeographic hypotheses by evaluating genetic divergence across a large number of independent loci in each species (Edwards and beerli 2000) .
Divergence between populations from West Papua and those from the Philippines and central Indonesia is likely the result of physical oceanographic processes such as the Halmahera Eddy (barber et al. 2006, 2011) that strongly limits water transport in the area (Nof 1995 , Morey et al. 1999 . Patterns in all three species mirror results from larval dispersal simulations in the coral triangle (Kool et al. 2011) , suggesting that contemporary oceanography contributes to the observed regional divergences or may reinforce historical barriers. However, regional differences in the distribution of symbiotic Symbiodidium clades in Tridacna from Indonesia (Deboer et al. 2012) suggest that environmental variables could also contribute to the observed patterns.
The phylogeographic patterns above were confirmed by analyses in barrier, a method that does not require a priori assumptions for regional partitions. Using data on genetic and geographic distance, barrier identified 10 partitions within the study area where gene flow is limited. Although concordance among species appears somewhat limited using traditional phylogeographic approaches (Fig. 1) , the high percentage of barriers common in all three species (thick lines in Fig. 2) demonstrates that structure in all three species is highly similar. This result emphasizes the importance of using comparative phylogeographic analyses to identify broad patterns.
correspondence between Phylogeographic and biogeographic Patterns in the coral triangle.-spalding et al. (2007) defined marine ecoregions using a global hierarchical classification system of coastal and shelf marine regions, which was based on a broad array of source information including species range discontinuities, dominant habitats, geomorphologic features, currents, and temperatures, but not intraspecific genetic diversity. Despite the fact that genetic data were not used to define marine ecoregions, the phylogenetic patterns identified in this study are strikingly similar to biogeographic patterns represented by the boundaries of marine ecoregions (spalding et al. 2007 , Fig. 2 ). Ecoregion boundaries explained 27% and 32% of the genetic variation present in T. crocea and T. maxima, respectively (although only 3% for T. squamosa) and genetic barriers common to all 3 species were found at most ecoregion boundaries (Fig. 2) . specifically, genetic data support the ecoregion divisions between bali and Lombok (barrier II); areas in the Java sea and those south of the islands (barriers III and IV); western Halmahera (V); far eastern Philippine waters (barrier X); and the separation between the Philippines and Indonesia (barrier VII). Genetic data from T. crocea and T. maxima also support the ecoregion division between western sumatra and the rest of the study area (dashed line in Fig. 2 ), which would presumably have been identified by barrier if we had data from T. squamosa for that area.
This strong concordance of biogeographic and phylogeographic data indicates that similar processes may shape both genetic connectivity and community level patterns of biodiversity, as suggested by Avise (1992 Avise ( , 1994 . Although it cannot be ruled out that different processes acting on larval dispersal and adult survival could result in the concordant biogeographic and phylogeographic patterns, the recovery of similar phylogeographic patterns across benthic (e.g., timm and Kochzius 2008), midwater (e.g., Ackiss et al. 2013) , and pelagic fishes (e.g., Jackson et al. 2014) , as well as benthic marine invertebrates (see barber et al. 2011 and carpenter et al. 2011 for reviews) argues for a single process as it would be improbable that different processes would act so similarly across such taxonomic and ecological diversity. regardless of the specific process(es) involved, the recovery of strong phylogeographic structure indicates an absence of connectivity among geographic regions (Hedgecock et al. 2007 ), providing additional genetic support for the independence of the ecoregions defined by spalding et al. (2007) .
The strong agreement between biogeographic and genetic methods for defining ecoregions is heartening given the difficulty and costs of conducting genetic studies in the coral triangle and the need to include a broad diversity of taxa in conservation planning. However, it is important to note the areas of discord where genetic data identified breaks within a single ecoregion. First, the bay of cenderawasih in eastern Indonesia is identified as a genetically unique area for all three Tridacna species (Fig. 2, barrier VI) and their Symbiodidium symbionts (Deboer et al. 2012) , as well as numerous other coral triangle species (e.g., barber et al. 2006, 2011, crandall et al. 2008 ), a result that highlights the genetic and demographic independence of this region. Thus, this area may warrant reclassification as a unique area within the ecoregion, if not as a separate ecoregion itself. A second location where we identified a genetic break, but no ecoregion boundary, is within the Philippine islands (barriers IX and X). Our results and others (Malay et al. 2002 , Juinio-Menez et al. 2003 , Magsino 2004 , Magsino and Juinio-Menez 2008 , ravago-Gotanco et al. 2007 provide evidence of limits to genetic connectivity within the Philippines, suggesting this area may warrant further division into multiple ecoregions to manage divergent areas as well.
Potentially Undiscovered taxa.-Giant clams of the genus Tridacna are a conspicuous and well-known taxon from Indo-Pacific coral reefs. The majority (five of eight) of Tridacna clams were described nearly 200 yrs ago in the 18 th and 19 th centuries, although the most recent species description was T. costata in 2008 (richter et al. 2008 ), a species restricted to the red sea, a peripheral area on the very edge of the Indo-Pacific region. It is therefore surprising that our phylogenetic analysis revealed the presence of two highly differentiated lineages that do not fall clearly within one of the described species known from the coral triangle. Although results from the nuclear beta tubulin gene were inconclusive, cOI and 16s sequence data strongly indicate that these lineages are evolutionarily independent (Fig. 3) . Maximum variation within these two lineages ranged from 0.9% to 3.0% while being a minimum of 9.2% divergent from the most closely related taxa, a level (Hebert et al. 2003 ) that suggests these are likely new Tridacna species. While Deboer et al. (2014) found a lack of concordance between nuclear and mitochondrial partitions in T. crocea, the depth of divergence of these two cryptic clades is substantially higher. similarly, even within clades of T. maxima, levels of variation between clades reached 9.1%, suggesting the possibility of cryptic taxa within this species as well. Unfortunately, the non-destructive sampling techniques employed in our study included leaving clams intact on the reef, thereby precluding further morphological analysis, but the majority of samples with these divergent lineages were sampled on the islands of Krakatau, suggesting the need to conduct further work in this region.
conservation Implications.-Understanding the evolutionary history of a species can help inform conservation planning efforts in many ways, including through the identification of cryptic biodiversity, genetically unique populations, and demographically separate regions, among others (reviewed in Feral 2002) , and can be directly incorporated into conservation prioritization algorithms (beger et al. 2014) . Genetic analyses of three nominal species of Tridacna identified multiple, distinct clades that likely represent unique evolutionarily significant units (EsUs, Moritz 1994) that are restricted to different regions of the coral triangle. results also uncovered potentially undescribed species. Populations of Tridacna across the coral triangle are either functionally extinct or in sharp decline due to overharvest (for food or sale into aquarium trade) and/or environmental stressors (Othman et al. 2010) . Although all Tridacna are internationally protected by the convention on International trade in Endangered species (cItEs) and appear on the IUcN red List of Threatened species (Mollusk specialist Group 1996b), the presence of multiple, highly divergent lineages in each species means that individually each lineage is more endangered than previously believed.
Extensive information on a single taxonomic group is valuable to conservation efforts, but our finding of concordance between phylogeography and marine ecoregions provides evidence to validate the general model of dividing the ocean into multiple management units. While we did not sample all of the 12 ecoregions in the coral triangle, those that we did sample aligned closely with breaks in the genetic data. This result suggests that such an approach is generally applicable across taxa. The ability to generalize across multiple species is important because, while genetic data are very powerful for highlighting boundaries in marine environments (Avise 1994 , Palumbi 1996 , Hedgecock et al. 2007 , such data are still relatively uncommon in marine species throughout the entirety of the world's oceans. Our finding that the limits to genetic connectivity are concordant with transitions from one ecoregion to another suggests that the ecoregion classification system may be a powerful tool for identifying common patterns shaping biodiversity and regional limits to connectivity in the coral triangle. For conservation areas to be "representative" requires protection on a full range of biodiversity at multiple levels including genes, species, communities, evolutionary patterns, and ecological processes that create and sustain biodiversity (reviewed in spalding et al. 2007 ). biogeographic classifications, therefore, provide a crucial foundation for the assessment of this representativeness Dinerstein 2002, Lourie and Vincent 2004b) ; concordance of genetic data with this biogeographic classification ensures that an additional, critical level of biodiversity will also be protected.
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